The authors have developed an efficient method to measure cellular activity of ATP synthesis. Although ATP is a major energy source of biological reactions, it has been difficult to measure cellular ATP synthetic activity quantitatively. In this report, bioluminescence from the luciferin-luciferase reaction was used for the quantitative measurement. Under the used condition, bioluminescence from standard ATP solution showed no attenuation within several minutes, and the intensity corresponded proportionally to ATP concentrations of the standards. To measure dynamic cellular ATP synthetic activity, combination of osmotic shock and detergent treatment was used to make Escherichia coli cells permeable. ATP was discharged from permeable cells and reacted with externally added luciferase. Because permeable cells used glucose to synthesize and accumulate ATP without further growth, intensity of bioluminescence was increasing during the cellular consumption of glucose. Cellular ATP biosynthetic activity was calculated form the slope of linearly increasing bioluminescence. This permeable cell assay could be applied to high-throughput measuring for dynamic cellular activity of glycolytic ATP synthesis. (Journal of Biomolecular Screening 2006:310-317) 
INTRODUCTION
A TP (ADENOSINE 5′-TRIPHOSPHATE) plays a critical role in all living beings as an energy source for various enzymatic activities and as a direct precursor in RNA synthesis. ATP is rapidly regenerated mainly by the glycolytic pathway and oxidative phosphorylation. ATP is also used in industrial processes as a cofactor for enzymatic reactions. The bacterial ATP recycling system was reported and used for supplying ATP for industrial production of several compounds. [1] [2] [3] [4] [5] In these processes, bacterial cells were chemically treated to get permeability for substrates and products including ATP. Although permeable cells lost the ability of growing, enzymatic activity for ATP synthesis was maintained and used for ATP supply to ATP-dependent enzymes. Adenosine diphosphate (ADP) or adenosine monophosphate (AMP) resulting from ATP-dependent reactions was rephosphorylated by cellular ATP synthetic activity. Permeable cells were reported to produce ATP continuously for a dozen of hours. [1] [2] [3] [4] [5] In some cases, ATP synthesis in permeable cells coupled with external ATP-dependent enzymes for producing compounds at several tens of grams per liter. [1] [2] [3] [4] [5] Cellular ATP biosynthetic activity of permeable cells is sup-posed to have extensive potential for applications. However, there has been no method to efficiently measure ATP synthetic activity. In this study, we have developed a new method for quantitative and efficient measurement of cellular ATP biosynthesis.
A conventional luciferin-luciferase method was established, 6,7 and many investigators have been using it to measure static ATP concentration. 8 Recently, the improved luciferin-luciferase assay was developed to measure ATP synthetic activity of purified enzymes in vitro 9 or on a glass surface 10 in real time. Furthermore, in whole mammalian cells, dynamic change of ATP concentration was measured by expression of the recombinant luciferase in vivo. 11, 12 The application of this reporter luciferase method to measure a dynamic change of ATP concentration in bacterial cells has been difficult 8, 13 because variation in luciferase activity caused by differential transcription, translation, or mRNA/enzyme stability would affect interpretation of the results. And difficulty of luciferin penetration through the bacterial membrane was another problem. In contrast to this method, mammalian dynamic ATP concentration has been measured by coexistence of external luciferase. 14 However, this method was too complicated for high-throughput measurement of cellular ATP synthetic activity.
In this report, we have developed a high-throughput method to measure cellular ATP synthetic activity. Osmotic shock and Triton X-100 treatment made Escherichia coli cells permeable for ATP. Discharged ATP reacted with external luciferase and was detected as bioluminescence ( Fig. 1 ). An increment of bioluminescence was observed with permeable cells, whereas it was not with stan-dard ATP solution and heat-inactivated permeable cells. The cellular ATP synthetic activity was calculated from the slope of increasing bioluminescence. The reported method was simple and rapid with a small amount of cell culture for quantitating ATP synthesis.
MATERIALS AND METHODS

Bacterial strains and culture conditions
The E. coli K-12 strain BW25113 [lacI q rrnB T14 ∆lacZ WJ16 hsdR514 ∆araBAD AH33 ∆rhaBAD LD78 ] and its derivatives of F 1 -ATPase mutants were a courtesy gift from Dr. H. Mori and Dr. T. Baba at the Nara Advanced Institute of Science and Technology. 15 Mutants were constructed by replacing one of atp genes with a selectable antibiotic-resistant gene (kan) as reported by Datsenko and Wanner. 16 E. coli cells were grown to the stationary phase in Luria-Bertani (LB) medium containing 2.8% glucose at 30°C for 24 h.
All other bacterial species were type strains as follows: Corynebacterium ammoniagenes ATCC6871, Corynebacterium glutamicum ATCC21171, Pseudomonas fluorescens ATCC13525, and Pseudomonas putida ATCC12633.
Optimization of condition for permeation
E. coli BW25113 was harvested by centrifugation and washed by 100 mM Tris-HCl buffer (pH 7.4) and suspended into the same buffer. Cell suspension was mixed with an equal volume of pretreatment solution (40% [w/v] glucose, various concentrations of Triton X-100) for 20 min at room temperature (mixture A). Assay solution (0.5 mM D-luciferin, 1.25 µg/ml firefly luciferase, 5 mM MgSO 4 , 100 mM ethylenediaminetetraacetic acid, 1 mM dithiothreitol, and 25 mM Tricine buffer, pH 7.8) was used throughout this study. After the assay solution was preincubated for 15 min at room temperature, Triton X-100 was added to the as-say solution at the final concentration equal to mixture A (mixture B). The reaction was initiated by the addition of 10 µl of mixture A into 90 µl of B, and luminescence was measured with a multipurpose plate reader, Fusionα-FP (PerkinElmer, Wellesley, MA).
Measurement of ATP biosynthetic activity
Strains were cultured in 1 ml of medium using a 96-deep-well plate (Master Block; Greiner Bio-One, Kremsmuenster, Austria) covered with AirPore ® Tape Sheets (Qiagen, Hilden, Germany). They were shaken with a plate shaker N-704 (Nissin Rika, Tokyo, Japan) at 30°C for 24 h. Grown cells were harvested by centrifugation and washed by 100 mM Tris-HCl buffer (pH 7.4) and suspended into the same buffer. Optical densities (ODs) of cell suspension were determined by Fusionα-FP at 590 nm. Cell suspension was mixed with an equal volume of pretreatment solution (40% [w/v] glucose, 0.8% [v/v] Triton X-100) for 20 min at room temperature (mixture C). After the assay solution was preincubated for 15 min at room temperature, 1/20 volume of detergent solution (8% Triton X-100, 300 mM potassium phosphate, pH 7.2) was added to the assay solution (mixture D). The reaction was initiated by the addition of 10 µl of mixture C to 90 µl of mixture D in a black 96-well microplate (Multiplate 96FII; Sumitomo Bakelite Co., Osaka, Japan), and the kinetic data of luminescence were measured by Fusionα-FP for several minutes. The static ATP concentration (nM ATP/OD) was given in the simplest calculation, by Lo/αd. The ATP synthetic activity (nM ATP/min/OD) was given by ∆/αd. Abbreviations are as follows: Lo, intercept of luminescence (relative luminescence unit [RLU]); ∆, velocity of luminescent increasing (RLU/min); d, OD of cell; and α, conversion value of luminescence into ATP concentration obtained from an ATP standard curve (RLU/nM ATP).
Chemicals
LB medium, glucose, Triton X-100, sodium dodecyl sulfate (SDS), and potassium phosphate were purchased from Nacalai (Kyoto, Japan). D-luciferin and firefly luciferase were obtained from Invitrogen (Carlsbad, CA). Nymeen S-215 (polyoxyethylene stearylamine) was purchased from Nippon Oil and Fats Co. Ltd. (Tokyo, Japan). Xylene was obtained from Wako Chemicals (Osaka, Japan). Benzalkonium chloride was purchased from Takeda Pharmaceutical Co. Ltd. (Osaka, Japan).
RESULTS
Outline of quantitative method for measuring cellular ATP synthetic activity
It was reported that several detergents could permeate cells for ATP without destroying intercellular enzymatic activities for ATP synthesis. [17] [18] [19] ATP was discharged from cells and efficiently used by externally added enzymes. [2] [3] [4] [5] In this study, firefly luciferase was used to detect seeping ATP from cells. Continuous monitoring for ATP-concentration change gave insight for cellular ATP synthetic activity ( Fig. 1) .
Selection of noninhibitory detergent for luciferase activity
The detergent used for the assay described in Figure 1 should not inhibit luciferase activity. Therefore, several detergents were tested for their effect on luciferin-luciferase luminescence with ATP. Among tested detergents, benzalkonium chloride, SDS, Nymeen S-215 dissolved in xylene, and Triton X-100, SDS inhibited luciferase activity most strongly. In the case of using benzalkonium chloride, luciferase was inhibited when its concentration was more than 0.002%. A combination of 4 g/l Nymeen S-215 and 10 ml/l xylene was used to permeate bacterial cells in the previous reports. [1] [2] [3] [4] [5] 17 In the case that this combination was added to the luciferin-luciferase reaction, the intensity of luminescence was initially very high but rapidly attenuated within several minutes. Triton X-100 gave the highest and most stable luminescence among detergents tested. Triton X-100 is a nonionic micelleforming solvent, and its enhancement of activity of luciferase was reported. 20 To find out the optimal concentration of Triton X-100, the luminescence from 200 nM ATP was measured with various concentrations of Triton X-100 in the assay solution (Fig. 2) . The intensity was saturated at 0.4% (v/v) of Triton X-100. Under this condition, the initial luminescence from 200 nM of ATP standard was stimulated by 8.5 times higher than that of the case without any detergent (Fig. 2) .
Permeability of cells for ATP
Osmotic shock was effective for permeating cells. We measured the intensity of luminescence from cells osmotically shocked by rapid decreasing of glucose concentration. Freshly harvested and washed cells were pretreated with 20% glucose. The concentration of glucose was rapidly diluted to 2% in the assay solution as described in the "Materials and Methods" section. In this experiment, bioluminescence was measured immediately after dilution by the assay solution. The luminescence was increased in proportion to cell density, although almost no change of bioluminescence was observed in the control without osmotic shock ( Fig. 3) . We also measured the intensity of luminescence from osmotically shocked cells in the presence of various concentrations of Triton X-100 ( Fig. 4) . Intensity was saturated at 0.4% of Triton X-100, as in the case presented in Figure 2 . However, the intensity at 0.4% Triton X-100 was stimulated 226 times higher than that of the case treated by only osmotic shock. This enhancement was much higher than the rate of luciferase activation by 0.4% Triton X-100, which was 8.5 (Fig. 2) . This result indicated that the combination of osmotic shock and Triton X-100 was efficient enough for ATP permeation from cells. Consequently, concentration of Triton X-100 was fixed to 0.4% in this study. 
Time course of luminescent change from standard ATP solution
The time course of luminescent change from various concentrations of standard ATP solution was measured with a fixed concentration of Triton X-100 of 0.4% (Fig. 5A) . In the previous report of a luciferin-luciferase assay, attenuation of luminescence was observed. 21 However, in the condition used here, the luminescence was stable for more than 5 min in each standard ATP solution. As shown in Figure 5B , the values of luminescence were proportional to ATP concentrations used.
Time course of luminescent change from permeable E. coli cells
Under the condition described above, the time course of luminescent change from various concentrations of permeable cells without any addition of extra ATP was measured (Fig. 6A) . Intercepts were proportional to cell density and thought to correspond to intracellular and static concentrations of ATP (Fig. 6B) . In contrast to luminescence from ATP standard, permeable cells showed lineally increasing luminescence. Velocity increased proportionally to cell density (Fig. 6C) . Little increment of luminescence was observed from heat-inactivated cells (Fig. 7) . Glucose consumption was observed with increasing luminescence (data not shown). sized ATP using glucose and that cellular activity for ATP synthesis was stable and constant per cell.
Cellular activity of ATP biosynthesis was calculated from the slope of increasing luminescence per OD of permeable cells. The intensity of bioluminescence at each measuring point was transformed to static ATP concentration using the fitting line calculated from Figure 5B with standard ATP solutions. The conversion value of luminescence into ATP concentration (α) was determined as 6.9 (RLU/nM ATP). The static ATP concentration was calculated as 520 (nM/OD) from α and the intercept of ATP-permeable cells obtained from Figure 6B by using the formula shown in the "Materials and Methods" section. ATP synthetic activity was calculated as 230 (nM ATP/min/OD) from α and increasing velocity of ATP-permeable cells obtained from Figure 6C by using the formula shown in the "Materials and Methods" section. ATP turnover rate in permeable cells was calculated by dividing ATP synthetic activity by the static ATP concentration. In this experiment, the used strain BW25113 was harvested at a stationary phase, and permeable cells showed the ATP turnover rate as 2.3 min (520/230 = 2.3).
Measurement of cellular ATP synthetic activities in F 1 -ATPase defective mutants
It was supposed that permeable cells should lose activity of oxidative phosphorylation for ATP synthesis because detergents could uncouple F 0 F 1 -ATP synthase. 22 We assumed that measured ATP synthetic activity by this assay method should depend mainly on glycolytic activity for ATP synthesis. To demonstrate this issue, we tested F 1 -ATPase defective mutants that were reported to show upregulated glycolytic activity. 23, 24 All single gene deletion mutants of each subunit consisting of F 1 -ATPase, ∆atpA, ∆atpC, ∆atpD, ∆atpG, and ∆atpH were grown until the stationary phase and assayed for their ATP synthesis activities consistently in a 96well format (Fig. 8) . These results are shown in Table 1 . Mutants showed poor growth, and final ODs of these mutants were about half of the parental strain. However, ATP synthesis activities per OD were more than 2 times higher than the parent. This result con-firmed that this assay could mainly detect glycolytic ATP synthesis.
Extension of permeable cell assay to other bacterial species
The permeable cell assay was optimized for E. coli K-12 (BW25113). To investigate applications of this assay, other bacterial species, P. fluorescens, P. putida, C. ammoniagenes, and C. glutamicum, were tested. All bacteria were grown in LB medium containing 2.8% glucose at 30°C for 24 h. The final OD of each bacterium was adjusted to 0.1, and the intensity of luminescence was measured. Figure 9 shows the intensity of luminescence from all bacteria tested with various concentrations of Triton X-100. All bacteria showed saturated luminescence with 0.4% Triton X-100. Both species of Corynebacterium showed the highest intensity of luminescence, which suggests relatively higher intercellular ATP concentration of these species. This result indicates that a permeable cell assay could apply to gram-positive bacteria. Both Pseudomonas strains showed relatively high luminescence even without Triton X-100.
We also measured ATP synthetic activities of these species. All bacteria were cultivated in a 96-deep-well plate, and their ATP synthetic activities were assayed using a 96-well format as described in Figure 8 . These results are shown in Table 2 . Cellular ATP synthetic activity of C. glutamicum was highest among the bacteria tested. The optical density (OD) values and activities were the mean ± SD (n = 4). Details of the experiments are described in the "Materials and Methods" section.
Quantitative Determination of Cellular ATP Synthetic Activity
FIG. 8.
Schematic illustration of high-throughput assay for cellular ATP synthetic activity. All steps of the permeable cell assay from cultivation to measurement were consistently carried out in a 96-well format. Each strain was cultured in a 96-deep-well plate. Grown cells were harvested by centrifugation, washed, and suspended into buffer solution in a clear 96-well microplate. The optical density (OD) of cell suspension was determined. Cell suspension was treated by a mixture of glucose and Triton X-100. The assay solution was added into the cell suspension in a black 96-well microplate, and the kinetic data of luminescence were measured for 2 min. Details of the method are described in the "Materials and Methods" section. The image of luminescence from the assay plate was captured with LumiVision Pro HSII (AISIN, Tokyo, Japan). 
DISCUSSION
Measurement of glycolytic ATP synthetic activity
This permeable cell assay was thought to detect cellular activity of glycolytic ATP synthesis. Glycolytic ATP synthesis is important in some aspects. 1) Glycolysis is the main pathway for almost all kinds of cells and is well studied. 2) ATP synthesis in glycolysis is simpler than that in the respiratory chain. Recently, researchers have tried modeling metabolic pathways in silico. In many modelings, glycolytic metabolism was selected as a model pathway to demonstrate the algorithm. 3) In aerobic conditions, ATP synthetic activity per glucose by ATP synthase in the respiratory chain is 17 times larger than that in glycolytic activity. However, energy efficiency per glucose of the glycolytic pathway is 31%, which is not so different from that of the respiratory chain (39%). Many industrial processes have used the glycolytic pathway of detergent-treated cells for ATP supply. 1-5 4) The glycolytic pathway contains some rate-limiting steps. Regulations of the limiting steps are still to be elucidated. The reported method would be a key technique for looking for an insight into the glycolytic pathway.
Inclusion of uncoupling ATPase activity in the permeable cell
In E. coli cells treated with detergents including Triton X-100, F o F 1 -ATP synthase was uncoupled and showed ATPase activity instead of ATP synthesis. 22 Therefore, cellular ATP synthetic activity of the permeable cell would be decreased by this uncoupling ATPase activity. The cellular ATP synthetic activities of ∆atpA, ∆atpD, ∆atpG, and ∆atpH mutants were about 4 times higher than that of the parental strain ( Table 1) . Because F 1 -ATPase was not expressed in these mutants, not only activation of glycolytic ATP synthesis but also defection of the uncoupling ATPase activity could contribute to increment of luminescence. In contrast to this, the cellular ATP synthetic activity of the ∆atpC mutant was 2.6 times higher than that of the parental strain ( Table 1) . This enhancement was less than that of other deletion mutants of F 1 -ATPase. The atpC gene codes ε subunit has an inhibitory effect of ATPase activity 25 and is located on the end of the operon of F 1 -ATPase. In the ∆atpC mutant, the α 3 β 3 γδ subcomplex was proba-bly expressed and showed uncoupling ATPase under the condition with detergents. It was reasonable that the ∆atpC mutant showed the weaker activation than those observed in other mutants.
Feature of permeable cell assay
The permeable cell assay is a simple method to measure the cellular ATP synthetic activity. ATP should be synthesized from domestic ADP and externally added inorganic phosphate mainly in the glycolytic pathway with consumption of glucose. Inorganic phosphate is a potential inhibitor of luciferase. The used concentration of inorganic phosphate was determined not to inhibit activity of luciferase too much. Optimized concentration of inorganic phosphate was 15 mM in our condition.
In this assay, Triton X-100 and glucose were critical chemicals. Triton X-100 permeated ATP through the E. coli membrane, enhanced bioluminescence from luciferase, and suppressed the attenuation of the luminescence. Even in the generally used luciferin-luciferase method, addition of Triton X-100 must be helpful to amplify luminescence and keep its stability. The stability of luminescence must be important for applying this method to high-throughput measurements. Glucose permeated ATP through the E. coli membrane by its rapid dilution that causes osmotic shock and acted as carbon source of ATP synthesis. The osmotic shock was useful enough to substitute authentic freeze-thaw treatment. Other sugars could replace glucose in the cases needed.
Although this assay was optimized for E. coli K-12 cells, the conditions could be applied to other bacterial species including gram-positive bacteria ( Fig. 9, Table 2 ). This result indicated that this assay would be suitable for broad application to measure ATP synthetic activity regardless of species.
Potential of the permeable cell assay for high-throughput analysis
Because our method used externally added luciferase, there was no need of intercellular luciferase expression. It was emphasized that our method would be suitable for high-throughput screening for strains or cell lines with strong ATP synthesis among a large-number population. Indeed, all single gene deletion mutants of each subunit consisting of F 1 -ATPase were grown, harvested, washed, and assayed for their OD and ATP synthesis activities consistently in a 96-well format (Fig. 8) . The coefficients of variance (CVs) for OD and activity were 3.8%~7.3% and 4.2%1 1.6%, respectively. These small CVs showed that this method could be applied to higher-throughput measurements. Also, the assay should be useful for rapid monitoring of ATP synthetic activity during the fermentation processes. In many cases, real-time analysis is important for industrial process management. This study showed the potentiality of our method for rapid monitoring of cell conditions. A small amount of sample could be enough to be assayed for ATP synthetic activity. Rapid and small-scaled analysis would open the way to real-time analysis of dynamically changing conditions of cell cultures. Luciferin-luciferase assay has been also The optical density (OD) values and activities were the mean ± SD (n = 3).
used as a way to monitor hygiene, and technical advances have been reported. 26 In authentic assay, ATP can be detected regardless of cell viability. Because ATP synthetic activity depends on glucose consumption by only living cells, it would be possible to selectively detect living cells by amplified luminescence discharged with only the addition of glucose.
